Tight regulation of collagen fibril deposition in the extracellular matrix is essential for normal tissue homeostasis and repair, defects in which are associated with several degenerative or fibrotic disorders. A key regulatory step in collagen fibril assembly is the C-terminal proteolytic processing of soluble procollagen precursors. This step, carried out mainly by bone morphogenetic protein-1/tolloid-like proteinases, is itself subject to regulation by procollagen C-proteinase enhancer proteins (PCPEs) which can dramatically increase bone morphogenetic protein-1/tolloid-like proteinase activity, in a substrate-specific manner. Although it is known that this enhancing activity requires binding of PCPE to the procollagen C-propeptide trimer, identification of the precise binding site has so far remained elusive. Here, use of small-angle X-ray scattering provides structural data on this protein complex indicating that PCPE binds to the stalk region of the procollagen C-propeptide trimer, where the three polypeptide chains associate together, at the junction with the base region. This is supported by site-directed mutagenesis, which identifies two highly conserved, surface-exposed lysine residues in this region of the trimer that are essential for binding, thus revealing structural parallels with the interactions of Complement C1r/C1s, Uegf, BMP-1 (CUB) domain-containing proteins in diverse biological systems such as complement activation, receptor signaling, and transport. Together with detailed kinetics and interaction analysis, these results provide insights into the mechanism of action of PCPEs and suggest clear strategies for the development of novel antifibrotic therapies.
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proteolysis | structural proteins | fibrosis R egulation of collagen deposition in the extracellular matrix is essential for normal tissue homeostasis and repair, defects in which are associated with numerous, often lethal, disorders, including chronic wounds and the many different forms of fibrosis (affecting heart, lung, liver, kidney, skin, etc.) (1, 2) . At the protein level, a key regulatory step is the proteolytic conversion of soluble precursor molecules, procollagens, by removal of N-and C-propeptides (3), resulting in spontaneous assembly of collagen fibrils. Although collagen deposition in vivo is also controlled by numerous interactions with cell-surface and extracellular matrix proteins (4, 5) , it is generally acknowledged that a key ratelimiting step is the proteolytic removal of the procollagen Cpropeptides. The principal proteinases involved here are zinc metalloproteinases, called bone morphogenetic protein-1 (BMP-1)/tolloid-like proteinases (collectively known as BTPs), which cleave the C-propeptides from the major fibrillar procollagens (types I, II, and III) (3, (6) (7) (8) .
Although BTPs cleave a number of extracellular substrates (including structural proproteins, proenzymes, and latent growth factors or their antagonists) (8, 9) , their activity on fibrillar procollagens is specifically increased, several-fold, by procollagen C-proteinase enhancers (PCPE-1 and -2) (10-13). There is increasing interest in PCPEs as possible therapeutic targets. PCPE-1, for example, has been shown to be up-regulated in rat models of liver (14) and cardiac (15) fibrosis. More recently, cardiac fibrosis after chronic pressure overload was found to be diminished in mice lacking PCPE-2 (16) . Although the precise mechanism of enhancement of proteinase activity remains to be elucidated, it is clear that this requires binding of PCPEs, or more precisely their CUB (Complement C1r/C1s, Uegf, BMP-1) domain region, to the procollagen C-propeptide trimer (17, 18) . Interestingly, the stoichiometry of binding is one molecule of PCPE to one molecule of procollagen (19) , suggesting that the PCPE binding site on the C-propeptide trimer involves more than one polypeptide chain.
We recently reported the high-resolution structure of the C-propeptide trimer from human procollagen III (CPIII) (20) . This has the overall shape of a flower, consisting of a stalk (in the form of a triple-stranded coiled coil), a highly conserved base region (including three Ca 2+ binding sites), and three petals (involved in chain recognition specificity). Here we report the low-resolution structure of the complex between CPIII and the CUB1CUB2 region of human PCPE-1, which indicates that the PCPE binding site encompasses the stalk region of CPIII up to the base. This is supported by the identification of two highly conserved lysine residues in the CPIII stalk and base that are essential for PCPE-1 binding and enhancing activity. Binding also requires conserved aspartate residues involved in Ca 2+ coordination in both the CUB1 and CUB2 domains of PCPE-1. These interactions reveal structural parallels with those of other CUB domain-containing proteins involved in such diverse biological systems as complement activation, receptor signaling, and transport. Finally, we present quantitative data on the effects of PCPE-1 (or its CUB1CUB2 region) on both substrate binding and enzymatic activity of BMP-1, which together with the structural data give clues about the mechanism of this striking increase in catalytic efficiency of BTPs.
Results
Structure of the PCPE-1/CPIII Complex. We recently showed that the action of PCPE-1 relies solely on its binding to the C-propeptide region of the procollagen molecule (18) . Because the corresponding dissociation constant (K D ) is in the nanomolar range, we reasoned that it should be possible to isolate the PCPE-1: C-propeptide trimer complex. As expected (Fig. S1A) , when CPIII was first incubated with an excess of PCPE-1 then analyzed by gel filtration, the complex migrated ahead of the elution position of CPIII and could be separated from free PCPE-1.
To determine the low-resolution structure of the complex, and hence localize the PCPE-1 binding site on the CPIII molecule, we used small-angle X-ray scattering (SAXS). Proteins analyzed (Fig. 1) included CPIII-His (18) , which consists of the human procollagen III C-propeptide with an N-terminal His 6 -tag, as well as a longer construct called CPIII-Long (which also includes the last three GXY triplets of the triple-helical region, as well as the entire C-telopeptide, the short nontriple helical region that remains after removal of the C-propeptide by BTPs). We also produced the CUB1CUB2 region of PCPE-1 mutated at the single N-glycosylation site in CUB1.
In preliminary experiments, we showed ( Fig. S2A ) that CUB1-CUB2 produced in the baculovirus system had a similar circular dichroism (CD) spectrum to CUB1CUB2 obtained by trypsin digestion of full length PCPE-1 (nonmutated at the N-glycosylation site) expressed in human embryonic kidney 293 EBNA cells (17) . In addition, we found both forms of CUB1CUB2 to be equally effective in enhancing BMP-1 activity on a miniprocollagen substrate, with a similar binding affinity as determined by Biacore (Fig.  S2 B and C) . These results show that N-glycosylation of the CUB1CUB2 region is not involved in PCPE-1 activity.
In the SAXS experiments, CUB1CUB2, CPIII-His, and CPIIILong were first analyzed individually and then in the form of complexes (CUB1CUB2 with either CPIII-His or CPIII-Long). Immediately before SAXS analysis on the SWING beamline (21) at the SOLEIL synchrotron, all samples (proteins and complexes) were passed through an in-line gel filtration column. As shown in Table 1 , by extrapolation of the scattering intensity to zero angle, all molecules (CUB1CUB2, CPIII-His, and CPIIILong) behaved as monomers in solution, with the expected molecular masses. Table 1 also shows the observed values for the radius of gyration R g , determined from Guinier plots, as well as maximum particle diameters D max , determined from the distance distribution functions p(r) (Fig. S3A) .
Shown in Fig. 1A are the averaged shapes determined for the different molecules from the SAXS data. For each molecule, first 10 individual ab initio shape determinations were made (without symmetry restrictions) using the program DAMMIF (22) , and then averaged shapes were calculated using DAMAVER (23) . For CPIII-His, the ab initio shape consisted of a globular trimeric region connected to a short stalk. This is consistent with the recently determined high-resolution structure of CPIII (20) , shown superimposed on the low-resolution structure in Fig. 1A . Note that the first 21 residues of CPIII-His, at the tip of the stalk, were not resolved in the high-resolution structure. CPIII-Long had a similar shape to CPIII-His, except that the molecule was some 22 Å longer, as reflected in the D max values (Table 1) , owing to the increased length of the stalk region. This arises from the presence of the C-telopeptide and the last three triplets of the triple-helical region in CPIII-Long that are absent in CPIII-His. This greater size of CPIII-Long was also reflected in the observed increase in the radius of gyration R g , compared with CPIII-His ( Table 1) . Individual shape determinations for CUB1CUB2, CPIII-His, and CPIII-Long are shown in Fig. S3 B-D. Within each group, individual shapes were very similar, and the fits to the scattering data were good, as illustrated in Fig. 1A , with corresponding χ 2 values given in Table 1 .
When the different complexes were examined by SAXS, in both cases estimates of the molecular mass were consistent with the formation of complexes with a 1:1 stoichiometry (Table 1 ). In addition, comparison of R g and D max values gave early indications about the localization of CUB1CUB2 on its binding partner (CPIII-His or CPIII-Long; Table 1 ). For both complexes, there was no change in D max on CUB1CUB2 binding compared with CPIII-His or CPIII-Long alone [p(r) curves shown in Fig.  S3A ]. In addition, there was little change in R g . These data suggest that CUB1CUB2 binds to a site on its binding partner that is relatively central (i.e., changing neither the overall length of the particle nor the radial distribution of mass).
To further localize the CUB1CUB2 binding site, we used the program MONSA to build ab initio shapes using the scattering curves for the complexes together with those for their individual components (24) . As shown in Fig. 1B , this resulted in shapes in which CUB1CUB2 was bound along the stalk of the CPIII trimer, with one end in contact with the globular domain, in both CPIII-His and CPIII-Long. For CPIII-His, CUB1CUB2 seemed to be bound in almost all (>90%) shape determinations in register with the foot of the CPIII stalk (i.e., at the BMP-1 cleavage site) (Fig. 1B and Fig. S3E ). In contrast, for CPIII-Long, the tip of the stalk was always visible (Fig. 1B and Fig. S3F ). This is consistent with the additional presence of the C-telopeptide and the short triple-helical region in CPIII-Long. For the complexes, Fig. 1 . SAXS. (A) Observed scattering profiles for individual proteins (dots) with DAMMIF-generated fits (solid lines). Proteins injected at 2.8 mg/mL (CUB1CUB2), 26 mg/mL (CPIII-His), and 11 mg/mL (CPIII-Long). Also shown, averaged low-resolution structures for CUB1-CUB2 (blue) and CPIII-His/CPIII-Long (wheat color; CPIIIHis crystal structure superimposed) with corresponding diagrams (his, His-tag; triple helix, brown; C-telopeptide, blue; C-propeptide trimer, red with black stalk region; arrowheads, BMP-1 cleavage sites). (B) Observed scattering profiles for complexes (dots) with MONSAgenerated fits (solid lines). Samples injected at 11-12 mg/mL total protein (2:1 CUB1CUB2 molar excess), followed by complex isolation by on-line gel filtration. Also shown, averaged low-resolution structures, same color code as in A. Scattering curves shifted arbitrarily in the vertical direction (logarithmic scale) to improve clarity. again the individual shape determinations were very similar, with good fits to the scattering data ( Fig. 1B and Table 1 ). Use of the program MONSA assumes that there were no major conformational changes in either partner on formation of the complex.
To check this, we measured the CD spectra of equimolar concentrations of CUB1CUB2 with CPIII-Long both before and after mixing. The data for the summed individual spectra and for the mixture were found to be similar, showing the absence of major changes in secondary structure on binding (Fig. S1B ).
In conclusion, the SAXS data suggest that the CUB1CUB2 fragment of PCPE-1 binds to the stalk region of the procollagen III C-propeptide trimer, at the junction with the globular region. This zone corresponds to the N-terminal ∼80 residues of the amino acid sequence of each chain. Fig. 2 A and B shows the high-resolution structure of CPIII-His (20) , as well as the predicted structure of CUB1CUB2, superimposed on the low-resolution shape for the CPIII-His:CUB1CUB2 complex determined by SAXS.
Identification of Critical Residues. There is an emerging paradigm in the field concerning the interactions of CUB domaincontaining proteins (such as the serine proteinases of the complement system or the protein cubilin involved in vitamin B 12 uptake) with their cognate binding partners (25) (26) (27) . Interactions occur between surface-located Ca 2+ -coordinating aspartate residues in the CUB domains and exposed basic residues (lysine or arginine) on the partner. Prompted by these observations, we looked for putative interacting residues in the region of CPIII identified by SAXS as the PCPE-1 binding zone. Sequence alignment among different procollagen types and species using the UniProt-SwissProt database (Fig. S4) revealed three highly conserved lysine residues, at position 18 (in the stalk region; numbering begins at the BMP-1 cleavage site) and at positions 35 and 45 (in the base region) as possible CUB1CUB2 interaction sites. These residues were then individually mutated and their effects on PCPE-1 binding and enhancing activity determined. As shown in Fig. 3A (and in Fig. S5 ), all three mutations had no effect on basal cleavage by BMP-1 (leading to release of the C-propeptides) in the absence of PCPE-1. In contrast, for the K18A and K35Q variants, these mutations completely abrogated PCPE-1 enhancing activity. As for the K45Q mutation, however, PCPE-1 enhancing activity was completely unaffected. These observations were perfectly mirrored in the binding assays (Fig. S6) . By surface plasmon resonance (Biacore), the K45Q mutation had no effect on PCPE-1 binding to CPIII-Long, compared with WT. In contrast, there was no binding for both the K18A and K35Q mutants. To check for possible changes in conformation in CPIII-Long introduced by the mutations, we carried out CD analysis. In all cases, the CD spectra were indistinguishable from WT (Fig. 3B) . We conclude that lysines 18 and 35 are required for the interaction of PCPE-1 with CPIII, thus reinforcing the SAXS data indicating binding of the CUB1CUB2 region of PCPE-1 to the CPIII stalk region at the junction with the base. Fig. 2C shows the positions of the mutated lysines in the 3D structure of CPIII.
We previously identified critical residues in the CUB1 domain of PCPE-1 required for binding to CPIII (28) . These include a surface exposed phenylalanine residue that is unique to the CUB1 domains of PCPEs, as well as two aspartate residues that are likely, by analogy with CUB domain-containing proteins of known structure (26) , to be involved in Ca 2+ coordination. Here we modeled the structure of the CUB2 domain of PCPE-1 and identified two corresponding aspartate residues, D191 and D233 ( Fig. S2D ; numbering begins at the N terminus of the mature protein). We then mutated these residues, individually, to alanines. Attempts to express the D233A mutant were unsuccessful, probably owing to poor folding or lack of stability. We were, however, able to express the D191A mutant. As shown in Fig.  3C , when tested for enhancing activity in the presence of BMP-1 using CPIII-Long as substrate, CUB1CUB2 containing the D191A mutation was no longer able to enhance BMP-1 activity. In addition, by surface plasmon resonance, the D191A mutant was unable to bind to CPIII-Long, unlike WT CUB1CUB2, which bound in a concentration-dependent manner (Fig. S2E) . By CD, the spectrum for the D191A mutant was on the whole similar to WT (Fig. S2A) , although it differed somewhat in the region below 210 nm, perhaps reflecting local unfolding in the region of the mutation. This is supported by deconvolution of the spectra, which showed only small differences in secondary structure between WT CUB1CUB2 and the D191A mutant (Table S1 ). Taken together, these data show that an aspartate Errors for radius of gyration R g and kDa (obs) are standard deviations (N at least 10) based on estimates derived from Guinier plots. Errors in maximum diameter D max are based on multiple GNOM runs. Typical χ 2 values are shown for the ab initio modeling. For individual proteins, fits were calculated using DAMMIF. For complexes, fits were calculated using MONSA, where the first figure shows the χ 2 value for the complex, and the figures in parentheses refer to each separate component (CUB1CUB2 followed by CPIII-His or CPIII-Long). Obs, observed; calc, calculated. residue most likely to be involved in Ca 2+ coordination in CUB2 is also required for PCPE-1 enhancing activity, as previously shown for Ca 2+ -coordinating aspartate residues in the CUB1 domain (28) .
Interactions and Enzyme Kinetics. We also used surface plasmon resonance to study the interaction of BMP-1 with the substrate, in this case miniprocollagen III, in the presence and absence of CUB1CUB2 (Fig. 4A ). For these experiments we immobilized miniprocollagen III and used the catalytically inactive E94A mutant of BMP-1. When different concentrations of BMP-1 E94A were first injected over immobilized miniprocollagen, a heterogeneous ligand model could be fitted to the sensorgrams (χ 2 = 0.90) with dissociation constants K D of 72 nM and 117 nM. After regeneration, the surface was then saturated with 50 nM CUB1CUB2, followed by coinjection using the same range of BMP-1 concentrations but in the continued presence of 50 nM CUB1CUB2. This resulted in a second series of sensorgrams, to which again the heterogeneous ligand model was fitted (χ 2 = 10.7) but this time giving K D s of 1.7 nM and 42 nM. These data show that the binding affinity of BMP-1 E94A for miniprocollagen III is increased when CUB1CUB2 is also bound to the substrate. Surprisingly, early studies on the kinetics of BMP-1 activity, using a procollagen I substrate, reported increases in both kinetic constants k cat and K m in the presence of PCPE (10), indicating that PCPE somehow diminishes the affinity of the enzyme for its substrate while at the same time increasing the turnover rate. To further investigate this question, we carried out detailed analysis of the cleavage of CPIII-Long by BMP-1 in the presence and absence of PCPE-1. Apparent kinetic parameters were calculated by fitting to the data shown in Fig. 4B . In the presence of PCPE-1, a k cat of 110 ± 10 min −1 and a K m 2,452 ± 379 nM were obtained (n = 3). In the absence of PCPE-1 it was difficult to obtain accurate kinetic constants owing to the very high K m and hence the need to work at prohibitively high substrate concentrations. We obtained a k cat of 26 ± 10 min −1 and a K m of 6,877 ± 3,285 nM (n = 3). These data indicate therefore that there was 
Discussion
Here, by a combination of SAXS and site-directed mutagenesis, we localize the binding region for PCPE-1 on the C-propeptide region of CPIII. The data show that the CUB1CUB2 fragment of PCPE-1 binds to the stalk/base region of CPIII (20) , and this involves two conserved lysine residues in the latter (i.e., two per chain or six per trimer), one in the coiled-coil part of the stalk and the other at the junction with the base region. Both lysines are conserved in the C-propeptide regions of all of the main fibrillar procollagens, with the notable exception of the proα1(V) chain (Fig. S4) , for which C-propeptide cleavage seems to be unaffected by PCPE-1 (29) . In contrast, these lysines are present in the proα2(V) C-propeptide, for which cleavage is enhanced by PCPE-1 (29) , thus reinforcing the results presented here.
We previously showed that both the binding and enhancing activities of PCPE-1 require a pair of aspartate residues in the CUB1 domain that are universally conserved in all of the CUB domains of human PCPEs and other Ca 2+ -binding CUB domaincontaining proteins (26, 28) . Here we show that one of the corresponding aspartates in the CUB2 domain is also essential for binding and enhancing activity. In CUB domains of known structure, including those found in tumor necrosis factor stimulated gene 6 protein (TSG-6) [Protein Data Bank (PDB) code 2WNO], cubilin (25) , and the complement initiating proteinases C1s (30) , mannose binding lectin associated serine protease (MASP)-2 (31), and MASP-1 (32), these aspartate residues, as well as conserved glutamate and tyrosine residues, are involved in Ca 2+ coordination (26) . It is therefore likely that these are also Ca 2+ ligands in PCPEs. In addition, two of these conserved residues (the glutamate and one of the aspartates) have surface exposed carboxy oxygens, which in the case of the cubilin/intrinsic factor/cobalamin complex have been shown to participate in interactions with surface lysine or arginine residues on their cognate binding partner (25) . An identical scenario occurs in the binding of MASP-1 to the exposed lysine residue on mannan binding lectin (27, 33, 34) , and this is also likely to occur in MASP binding to ficolins (35, 36) and in C1r/C1s binding to C1q (37) . Here we show that binding of the CUB1CUB2 region of PCPE-1 to CPIII also requires residues involved in Ca 2+ coordination in both CUB domains, as well as surface exposed lysine residues in CPIII. These results therefore extend the known repertoire of such CUB domain interactions, previously seen in such diverse biological systems as complement activation, receptor signaling and transport, to extracellular matrix assembly.
The observation that the stoichiometry of the PCPE-1:CPIII interaction is 1:1 (i.e., one molecule of PCPE-1 per C-propeptide trimer) is intriguing. We show here that binding of the CUB1-CUB2 region of PCPE-1 to CPIII involves sites on both the CUB1 and CUB2 domains, as well as lysines K18 and K35 in the stalk/base region of CPIII, these residues being present in each of the three chains. It should be noted that strong cooperativity between the CUB1 and CUB2 domains in binding to CPIII has already been observed using single-and two-domain constructs (17) . As for the sites on CPIII, we cannot determine from the low-resolution structure precisely which of the three chains are involved in binding to CUB1CUB2. From the data shown in Fig. 2 A and B , CUB1CUB2 seems to straddle the stalk of CPIII, suggesting interactions with multiple chains. The observation that PCPE-1 does not enhance BMP-1 cleavage of individual procollagen chains (12) further supports this hypothesis. Whatever the topology of the interaction, however, owing to the trimeric nature of CPIII, with each chain carrying a pair of lysines K18 and K35, a single CUB1CUB2 molecule should theoretically have a choice of three ways in which to bind to CPIII. We suggest that only one CUB1CUB2 molecule is bound because of steric exclusion, such that binding of one molecule of CUB1-CUB2 to CPIII blocks binding of additional molecules, as suggested by Fig. 2B . In this way, binding of one CUB1CUB2 molecule to one C-propeptide trimer would introduce marked asymmetry in the complex, in addition to that already detected in CPIII itself (20) . The presence of such asymmetry may provide clues to the mechanism of enhancing activity (see below).
What then is the mechanism of action of PCPE? Two possible consequences of PCPE-1 binding to the C-propeptide trimer can be envisaged (not mutually exclusive), leading to changes in the affinity of the enzyme for its substrate or changes in turnover rate. Concerning the first possibility, complex formation might create a new interaction surface, involving both substrate and enhancer, that increases the affinity of BMP-1 for its substrate. This is supported by the decrease in K D measured by Biacore in the presence of CUB1CUB2, which indicates a higher affinity of BMP-1 for its substrate. Further support comes from the decrease in K m in the kinetics data, in the presence of PCPE-1. Concerning the second possibility, PCPE-1 binding might lead to a change in structure of the enzyme:substrate complex, giving rise to the observed increase in catalytic activity. The proposed conformational change could occur in the substrate, in the enzyme, or both. Comparison with other proteolytic mechanisms provides possible clues. For example, there is evidence that cleavage of collagen molecules by at least some matrix metalloproteinases (MMPs) requires a conformational change in the substrate, the triple-helical structure being too large to enter the active site cleft (38, 39) . Noncatalytic domains such as the linker/ haemopexin domain in MMP-1 or MMP-14, or the fibronectin II-like collagen binding domain in MMP-2, seem to stabilize partially unwound forms of the substrate, thereby exposing individual polypeptide chains (40, 41) . This also could be a role for PCPEs, to interact with the trimeric substrate (in this case the stalk of the C-propeptide trimer) and present individual chains for cleavage by BTPs. This is consistent with the observed binding of PCPE-1 to the stalk region of CPIII, close to the BMP-1 cleavage site. In contrast, we found no evidence of a change in secondary structure of the substrate on PCPE binding, albeit small changes would not be detectable by CD. Alternatively, interaction with the procollagen:PCPE complex might lead to a conformational change in BMP-1, thereby increasing catalytic efficiency. In this regard, recent observations on the low-resolution structures of BMP-1, mammalian tolloid, and mammalian tolloid like-1 suggest a substrate exclusion mechanism of enzyme regulation involving the noncatalytic CUB and epidermal growth factor domains (42, 43) .
Identification of the site of interaction of PCPE-1 on the procollagen substrate could have important implications for the development of novel strategies to prevent the excessive accumulation of collagen seen in fibrotic diseases. Several strategies have been proposed to prevent fibrosis, including reducing the deposition of extracellular matrix (2) . Different steps along the collagen biosynthetic pathway have been targeted, notably cleavage of the procollagen C-propeptides, the rate-limiting step in collagen fibril assembly. In view of the increasing number of other BTP substrates, however (currently approximately 20 in total) (8, 9) , using inhibitors targeted to the active site of the enzyme could have undesirable side effects. In contrast, given the substrate-specific nature of PCPE-1 enhancing activity, which seems to be limited to C-terminal processing of the major fibrillar procollagens, strategies aimed at blocking the action of PCPEs could be a promising therapeutic approach, especially because there is evidence of PCPE up-regulation in animal models of liver and cardiac fibrosis (14-16).
